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a b s t r a c t
Agricultural systems are multifunctional ecosystems that besides food production also provides
ecosystem services. Agricultural system management is a major component of natural resource man-
agement (NRM). Farming systems modelling has been successfully used to develop understanding of
soil–plant–climate interactions and to assist on-farm decision-making processes. There is an increasing
demand for applying farming systems models beyond point/ﬁeld scales to support NRM planning and
decision-making in spite of the limitations of such models. This paper presents two case studies in
south-east Australia on modelling farming systems performance beyond point/ﬁeld scales to support
NRMplanning. The ﬁrst study focuses on the impact of spatially explicit crop/vegetationmanagement on
catchment hydrology to address dryland salinity. A one-dimensional farming systemsmodelwas directlylimate change impact
PSIM
coupled with a catchment hydrology framework that deals with lateral water ﬂow between spatially
distributed land units. The second study assesses the impact of climate change on the productivity and
water balance of farming systems across the Lower Murray Region in southern Australia to provide
inputs into regional NRM planning. A process of derivation of soil data and development of spatial
modelling zones was used to simplify the spatial modelling process. The limitations of scaling up the
model approaches adopted are discussed.
ht © 2Crown Copyrig
. Introduction
Agricultural systems are multi-functional ecosystems. It has
een increasingly recognized that rural landscapes are not only
or food production, but also for providing ecosystem services.
arming systems management is a major part of the complex
atural resource management (NRM), requiring knowledge across
cales and disciplines. Systems analysis and modelling have been
onsidered as an effective means to understand and assess com-
lex relationships [1]. Farming systems modelling has often been
pplied at point and ﬁeld scales to understand soil–plant–climate
nteractions and to assist on-farm decision-making. However,
pplication of such models at catchment and regional scales
emains a challenge due to spatial data availability and complexity
f process integration [2].
Farming systems models are usually one-dimensional and arepplied at one point to represent the plot or ﬁeld. At such scales,
limate and soil data from one speciﬁc point are often assumed as
epresentative of the study area and are used in the simulation, i.e.,
patial heterogeneity is ignored. Well-validated models have been
∗ Corresponding author. Tel.: +61 2 6246 5964; fax: +61 2 6246 5965.
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frequently used for the evaluation of alternative farmmanagement
systems [3–6] and scenario analyses, especially those linked to cli-
mate risk [7–10] and the impacts of future climate change [11–14].
The importance of spatial variations in climate, soil, and manage-
ment systems is often assessed by conducting multiple point-scale
simulations with combinations of those biophysical drivers. Out-
puts from these multiple simulations are then analysed in a spatial
context [15,16]. Soil, landscape attributes and climate are spatially
variable and exhibit complex interactions. As the temporal and
spatial scale extends, input data availability and increased system
complexity become problematic in simulation.
In spite of the limitations to applying one-dimensional farming
system models beyond point scale, there is an increasing demand
for such applications to assist in NRM. In Australia, the major dry-
land cropping regions are located in temperate semi-arid areas,
where perennial native vegetation has been replaced by annual
crops andpastures. On theonehand, climate (mainly rainfall) limits
the potential productivity of the land. Temporal and spatial varia-
tions in crop yield are determined by both climate variability and
the efﬁciency of the soils and the landscape to absorb, store and
supply the limited water to plants [17]. On the other hand, vege-
tation change has led to reduced plant water use, with increased
deep drainage and recharge to groundwater. This has resulted in
rising saline groundwater tables and subsequent land and river
half of Royal Netherlands Society for Agriculture Sciences. All rights reserved.
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dig. 1. The study region LowerMurray (a) and the Simmons Creek catchment (b). In
iddle slope and valley ﬂoor land unit were identiﬁed in most sub-catchments.
alinization [18]. So while many farming systems in Australia are
trongly water-limited, this salinization process, caused by exces-
ive deep drainage, is threatening the sustainability of Australia’s
ryland agriculture. Along with engineering solutions like large-
cale water and salt interception along the rivers, changes in land
se and farm management practice have been considered the pri-
ary means to mitigate the salinity problem [19]. Development of
anagement strategies that can maintain farm proﬁt and mitigate
nvironmental impacts from salinity, in a variable climate, is a crit-
cal NRM issue that can be usefully addressed through agricultural
ystems modelling.
This paper presents two case studies in south-east Aus-
ralia where modelling of farming systems performance beyond
oint/ﬁeld scales was undertaken to support NRM. The ﬁrst case
tudy focused on the impact of spatially explicit crop/vegetation
anagement on catchment hydrology to address a salinity prob-
em. A one-dimensional farming systems model was directly
oupled with a catchment hydrology framework that deals with
he lateral water ﬂow between spatially distributed land units and
nto channels. The second case study assessed the impact of cli-
ate change on the productivity and water balance of farming
ystems across a large area in southern Australia to provide inputs
nto regional NRM planning.
. Study areas and methods
.1. The study catchment and region
The ﬁrst study was conducted in the Simmons Creek catchment
n southern New South Wales, Australia (Fig. 1). The catchment
overs an area of 178km2. It discharges saline groundwater water
nto the Billabong Creek along the southern edge, which is of con-
ern to the local Catchment Management Authority (CMA). The
atchment has been extensively cleared for agriculture with only
.6% of land area remaining as woodland. Land use change through
lanting high-water use vegetation is needed to reduce water
rainingbeyond theplant root zoneand the subsequent recharge to
roundwater. This revegetation will come at a cost to agricultural
roduction. The research challenge is to identify which areas to
evegetate to achieve maximum reduction in deep drainage while
oregoing as little agricultural production as possible.
Toexplicitlypredict lateralwatermovement theSimmonsCreek
atchment was divided into 13 sub-catchments (Fig. 1b). Each
ub-catchment (except for sub-catchment 11 and 12) was then
elineated into 3 land units (uphill, middle slope and valley ﬂoor)ons Creek, 13 sub-catchments were delineated based on topography, and an uphill,
using the multi-resolution valley bottom ﬂatness (MRVBF) topo-
graphic index [20].
The second study was conducted for the Lower Murray Region
(Figs. 1a and 2), covering a total area of 118,714km2. It includes the
South Australian Murray Darling Basin Natural Resource Manage-
ment region, the Victorian Mallee CMA region, and the Victorian
Wimmera CMA region. There is an urgent need to reverse the
declining environmental state of the region including river salin-
ization, soil erosion and loss of biodiversity. The performance of
farming systems across the region needs to be assessed in terms of
biomass and grain productivity and their impact on deep drainage.
This is to provide inputs for subsequent assessment of existing
natural resource management plans and enable the assessment
of these plans under alternative future landscape scenarios and
climate conditions.
2.2. Climate data
For the Simmons Creek catchment, historical daily climate data
(1889–2005) fromtheWalbundrie station (stationnumber074115,
35◦69′S, 146◦74′E) were used for the simulation study. Due to the
small size of the catchment, the Walbundrie climate data were
considered to be representative of the catchment.
Large regional climate variation exists across the Lower Mur-
ray study region. A geographic classiﬁcation of climate zones
was performed to reduce the number of climate stations for
farming systems modelling. Sixteen climate zones were classi-
ﬁed, based on BIOCLIM [21] modelled climate surfaces of annual
rainfall, mean temperature and moisture index, using an itera-
tive process of cluster analysis and inspection following Bryan
[22]. A representative climate station was selected within each
of the 16 climate zones. The historical climate records from 1889
to 2005 were obtained from the SILO Patched Point Dataset
(http://www.longpaddock.qld.gov.au/silo/) to serve as the base cli-
mate scenario.
In addition, fourpossible climate change scenariosweredeﬁned,
based on recent modelling of climate change in southern Australia
[23]. These are: S1 – Mild Warming/Drying with 1 ◦C warming and
5% drying at 420ppm ambient CO2 concentration expected around
2020 with high fossil fuel use; S2 – Moderate Warming/Drying:
2 ◦C warming and 10% drying, at 550ppm CO2 expected around
2050; S3 – Severe Warming/Drying: 4 ◦C warming and 25% drying,
at 750ppm CO2 expected around 2100; and S4 – Mild Warm-
ing/Wetting: 1 ◦C warming and 5% wetting, at 420ppm CO2, to
show a possible but less likely scenario around 2020. These tem-
perature and rainfall changes were added to the daily historical
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limate data for the 16 climate stations to generate the daily data
eries for possible future climates.
.3. Soil data
In the Simmons Creek catchment, ﬁve broad soil types were
dentiﬁed together with their spatial distribution in the catchment.
oil properties (proﬁle depth, bulk density, ﬁeld capacity, drained
pper and lower limits, and saturated hydraulic conductivity)were
btained from ﬁeld survey, laboratory measurements, and some
xtrapolation from data measured in similar soil proﬁles outside
he catchment [24]. Soil proﬁle depthswere obtained fromMcKen-
ie et al. [24] and speciﬁed for the simulations as 1.5–2.0 m for the
phill units, and 6m for the middle slope and valley ﬂoor units.
n general, the soil in the uphill and slope areas is shallower and
oarser textured than the soil in the valley ﬂoor units.
For the Lower Murray Region, soil proﬁle data were derived by
he following process. Firstly, 344 sets of soil proﬁle data fromcores
nd 74 sets from soil pits were assembled from several sources
ncluding sites in South Australia and Victoria (D. Maschmedt,
npublished data; B. Fawcett, unpublished data). These points
ere overlain with the corresponding soil classes in the study
egion and the data assessed with particular emphasis on the
lant water holding capacity of the soil (due to its large inﬂu-
nce on prediction of productivity and water balance). Data points
eemed representative of the broad soil classes were selectedincluding broad land use types.
for input into APSIM. All together, 14 soil proﬁle types were
derived.
2.4. The farming systems model APSIM and catchment hydrology
framework FLUSH
The farming systems model APSIM [25] version 3.3 was used to
simulate the productivity and water balance of farming systems.
APSIM is able to simulate the growth of crops, grasses and trees,
plant water uptake, soil water and nutrient balance as well as sur-
face runoff and drainagewith a daily time step. Themodel has been
veriﬁed using data from locations similar to the Simmons Creek
study site [26] and within the Lower Murray Region [27–29] for
simulation of crop productivity and water balance.
For the Simmons Creek catchment, APSIMwas coupledwith the
catchment hydrology framework FLUSH [30] to simulate catch-
ment water balance. FLUSH calculates surface and sub-surface
lateral water movement between land units and into channels. In
FLUSH, water running on from an upslope land unit supplements
precipitation as the supply of water to the surface. Subsurface lat-
eral ﬂow is modelled if the soil is saturated. The modelling of a
catchment involves invoking APSIM on each soil type and land use
option for a given up-slope land unit, calculating the areaweighted
average water balance for that unit, delivering water to the next
unit down-slope, and then invoking APSIM on that next land unit.
A proportion of the runoff from a unit is discharged as channel ﬂow
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pportunity costs for areas taken from crops.
here channels exist. The size of this proportion is derived as part
f the land unit geometry analysis.
.5. The land use type and simulation scenarios
In the Simmons Creek catchment, the current land use
s characterized by mixed cropping and pasture/grazing sys-
ems. A farming system consisting of 6 years of rotation
canola–wheat–triticale–canola–wheat–triticale) followed by 3
ears of annual pastures was constructed, based on local knowl-
dge. Themanagement details including crop varieties, sowing and
arvesting information, and fertilizer inputs were determined in
onsultation with local farmers. The forest growth and water use
ere simulated using the APSIM-Tree module.
In order to investigate the impact of planting perennial veg-
tation in different landscape positions on the water balance,
ub-catchment 6 (with an uphill, middle slope and valley ﬂoor land
nit of 4.0, 9.8 and 4.4 km2, respectively) was selected to conduct
etailed simulations. There alternative land use scenarios were
imulated to analyse their impact on the water balance. These sce-
arios, applied to the whole of sub-catchment 6, were as follows:
a) the ‘baseline’ farming system (above), (b) the baseline system
ut including perennial lucerne in the rotation instead of annual
asture, and (c) revegetation with trees. Land use scenario (c) was
lso applied separately to the uphill land unit, the middle slope
nd the valley ﬂoor of the sub-catchment where in each instance
he remainder of the sub-catchment was under land use (a).An alternative land use scenario with 35% woody re-vegetation
Fig. 3) for the whole Simmons Creek catchment was also mod-
lled to investigate the impact of increased perennial vegetation
over on the catchment water balance. The scenario was generated
n an earlier study [31] through spatial multiple criteria analysis,gh multiple criteria analysis considering landscape positions, crop yield and the
where potential locations for revegetation were identiﬁed using
sets of guidelines designed to reﬂect multiple objectives (e.g., bio-
diversity conservation, salinitymitigation, commodity production)
associated with the pattern of land use.
In the Lower Murray Region, farming systems vary from con-
tinuous cropping to permanent, grazed pasture and may include
many variations of mixed cropping and grazing. Other land uses
include remnant vegetation and national parks. A representative
agricultural land use type was identiﬁed based on local knowledge
– a rotation of wheat/pasture/lupins/pasture, each phase lasting 1
year. To simulate agricultural production systems over the entire
study area, the area was stratiﬁed into unique soil/climate regions
by overlaying soil classes and climate zones. Each unique combina-
tion of soil class and climate zone is representative of a particular
soil and climate type – a unique APSIM zone. A total of 138 APSIM
zones were created through this process which enabled the simu-
lation of the impacts of the spatial distribution of climate and soils
and climate change on agricultural production and environmen-
tal systems across the region. The representative land use typewas
applied to all 138APSIMzones to simulate thepossible productivity
and water balance.
3. Results
3.1. The Simmons Creek catchment – impact of land use change
on catchment water balanceFig. 4 shows the simulated impact of planting perennial vegeta-
tion in different parts of sub-catchment 6 on total annual drainage
from the sub-catchment. The total deep drainage was reduced by
97% when the whole sub-catchment was revegetated with trees
(Fig. 4). Replacing the annual pasture with perennial lucerne in
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1000kgha for lupin in over 80% of the region and wheat yields
less than 1100kgha−1 overmore than half of the region (Fig. 6, S3).
A similar impact pattern was also simulated on annual pastures.
It appeared that more than 2 ◦Cwarming and 10% drying would
have a signiﬁcant negative impact on crop and pasture productiv-ig. 4. Annual drainageof sub-catchment 6of SimmonsCreekwith current crop/past
n uphill, middle slope and valley units.
he rotation reduced the deep drainage by 11%, 67% and 35% from
phill, middle slope, and valley ﬂoor unit, respectively. Compared
ith the lucerne option, planting trees to cover the uphill unit fur-
her reduced deep drainage from the unit by 91%, but had only a
mall impact on drainage of other units. Planting trees to cover the
iddle slope unit completely eliminated deep drainage from this
nit, but only reduced the drainage from the valley ﬂoor unit by
0%. Planting trees to cover the whole valley ﬂoor unit reduced
eep drainage from the unit by 94% (Fig. 4).
The simulation results show that planting trees or perennial
ucerne on the valley ﬂoor unit had the biggest impact in reducing
ub-catchment deep drainage. This is due to the fact that large part
f thedrainagevolume fromthe sub-catchmentwas fromthevalley
oor unit (Fig. 4). ‘Harvesting’ water from the valley ﬂoor land unit
sing perennials minimized the area of land use change required
erunit of reduction indeepdrainage. Thus less landhas tobe taken
ut of cropping to achieve a given reduction in deep drainage. The
mpact of tree cover on the uphill andmiddle slope units for reduc-
ng surface lateral ﬂows of water was small; so planting trees on
he uphill land unit would have little impact on the water reaching
he valley ﬂoor unit through surface or shallow subsurface ﬂow.
Revegetating 35% of the catchment with trees based on the
ntegrated revegetation plan (Fig. 3) led to 30% reduction in catch-
ent annual deep drainage. The ability of the model to capture
he impact of spatially explicit vegetation–soil–landscape interac-
ions enabled the simulation of drainage reduction explicitly in the
ifferent sub-catchments (Fig. 5). If the alternative land use plan
ith 35% increase in tree cover (Fig. 3) could be implemented,
p to 15–21mm of deep drainage would be reduced annually
rom the valley ﬂoor units in sub-catchments 1, 7, 8 and 10. Up
o about 20mm of deep drainage could be reduced where trees
ere planted (Fig. 5). The alternative land use plan was designed
o confer additional beneﬁts besides drainage reduction, includ-
ng ecosystem services derived from protecting and enhancing
iodiversity.
.2. The Lower Murray Region – impact of climate and soil
ariation on farming systems productivity and water balance
Fig. 6 shows the simulated distribution of productivity ofwheat,
upin and pasture under the baseline climate and the 4 climate
hange scenarios. Under the baseline scenario (Fig. 6, S0), average
imulated wheat yield ranged from <500kgha−1 in the north-
rn part of the region to over 3000kgha−1 in the southern and
outh-eastern areas, responding to the increasing annual rainfall
rainfall data not shown). The simulated yield of lupin ranged from
300kgha−1 in the north to around 2000kgha−1 in the south and
outheast. The productivity of annual pasture under gazing ranged
rom <2500kgha−1 to 6000kgha−1 of dry matter.tation as comparedwith crop/lucerne rotation, trees planted all over the catchment,
The mild (S1) warming/drying scenario led to a slight reduc-
tion in predicted crop yield/biomass production with lupin being
the worst affected with on average 5% reduction in yield whereas
for wheat and pasture the reduction was less than 2% (Fig. 6,
S1). Yield and productivity losses were higher in the moderate
warming/drying scenario (S2) with on average 10% reduction in
wheat yield and21% reduction in lupin yield. A substantial decrease
in yield was simulated under the severe warming/drying sce-
nario (S3), with 25% and 41% lower yields for lupin and wheat,
respectively (Fig. 6, S3). This equates to actual yields of less than
−1Fig. 5. Annual drainage reduction (mm/year) in each sub-catchment after a 35%
increase in forest cover in Simmons Creek.
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ig. 7. Simulated annual deep drainage (mmper year) under the traditional farming syste
he grey areas are areas covered by remnant vegetation where no data were shown.e and four climate change scenarios in the Lower Murray Region.Under the baseline scenario, the mean annual deep drainage
under the cropping/grazing rotation system ranged from less than
10mm in the mid-northern region to over 140mm/year in the
upper Wimmera (Fig. 7). The spatial distribution of deep drainage,
although similar, didnotdirectly correlatewith that of rainfall (data
ms and the baseline and four climate change scenarios in the LowerMurray Region.
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ot shown), reﬂecting the signiﬁcant impact of soil water holding
apacity and surface runoff.
The decreasing annual rainfall and increased evapotranspira-
ion expressed in the climate change scenarios left signiﬁcantly less
ater available for deep drainage. Increased warming and drying
ould lead to reduced deep drainage. Simulations suggest that cur-
ently, around half of the region has an annual deep drainage of
10mm/year under the cropping/grazing rotation system. Under
he warming and drying scenarios S1, S2 and S3, more than 65%,
5%, and 95% of the region, respectively, would have mean annual
eep drainage of <10mm/year (Fig. 7). The scenarios S1, S2, and S3
esulted in signiﬁcant reductions in deep drainage of up to 20% in
1, 45% in S2, and 70% in S3 respectively. This implies reduced dry-
and salinity in the future (implying less surface rainwater runoff
oo). The increase in deep drainage under the mild warming and
etting scenario was tempered by increased evapotranspiration
y crops and pasture (Fig. 7, S4).
. Discussion
For long-term sustainability, agricultural systems have to be
roﬁtable, at the same time causing a minimal adverse impact
n the natural environment. Sustainable natural resource man-
gement requires knowledge of the economic and environmental
erformances of farming systems across space and time. Even
here data are sparse at larger spatio-temporal scales, agricultural
ystem modelling can still be effective in providing information to
upport NRM planning. This paper demonstrates two case studies
n modelling farming systems performance to provide informa-
ion for natural resource management at catchment and regional
evels.
The coupling of the farming systems model APSIM and the
atchment hydrology framework FLUSH enabled the modelling of
oth vertical and lateral water ﬂuxes in the catchment and the
xploration of opportunities formanipulating the catchmentwater
alance by changing vegetation type on a topographic sequence.
his has enabled analysis of realistic farm management options,
s they have an impact on the catchment-level response, to assist
RM in terms of positioning the revegetation and estimating the
pportunity costs.
The derivation of representative soil classes and the classiﬁ-
ation of climate zones in the Lower Murray study enabled the
pplication of a one-dimensional farming systems model for sim-
lations of regional crop productivity, crop water use and deep
rainage under current climate and future climate change sce-
arios. The information generated provided input data layers for
ubsequent economic and hydrological analysis to assist regional
RM planning. Sadras [29] compared the APSIM simulated long-
erm average drainage with the average drainage value derived
rom soil tracers, e.g., the generalized chloride displacement mass
ethod applied to areas cleared of nativemallee vegetation [32,33]
nd found that the simulated values are in the range of observed
alues.
In the two case studies, different approaches of scaling up were
sed [2]. In the ﬁrst case study in Simmons Creek, the approach
f ‘bottom-up’ integration of models was used, where the one-
imensional model APSIM was coupled with FLUSH to perform
atchment-wide simulations. In the second case study, data were
ggregated to enable spatial parameterization and the spatial anal-
sis of output data. The obvious limitation to the ﬁrst approach,
nd to a large extent also to the second approach, is the intensive
ata requirement and time needed to assess different scenarios.
response surface approach where responses generated from
etailed models are used in larger-scale analysis, and a summary
odel approachwhere summarized simplermodels are integrated
[
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in larger scale models, would be alternatives to overcome these
problems.
Spatial model veriﬁcation is another issue to be addressed.
Traditionally, soil–plant systemsmodels were developed and veri-
ﬁed using limited point-based measurement data. Extending such
models beyond point scale across a heterogeneous catchment and
region raises questions about their validity. Remote sensed data
may be the only available data across regional scales with suit-
able spatial and temporal resolution. Use of dynamic crop growth
information derived from high resolution remote sensing to verify
point models at spatial scales has been explored [34] and provides
opportunities for enhanced model veriﬁcation. However, the spa-
tial resolution at which models need to be veriﬁed needs to be
considered carefully to avoid unnecessary time spent and excessive
workload.
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